1. Introduction {#sec1}
===============

It is well recognized that both reactive oxygen (ROS) and reactive nitrogen species (RNS) produced under voluntary exercise play an important role as regulatory mediators in signaling processes together with many other different stimuli, including metabolic disturbances, mechanical activation, increased temperature, hormonal environment, and inflammatory state \[[@bib1],[@bib2]\]. Many of the ROS-mediated responses protect cells against oxidative stress and re-establish redox homeostasis \[[@bib3]\]. Different tissues may potentially produce ROS and RNS during exercise, but in view of the complex physiological link among many organ systems, it is difficult to identify their specific contribution. Indeed, most of the reports assume that skeletal muscle provides the major source of ROS generation during exercise as part of the "stress response hormesis" \[[@bib4],[@bib5]\], thus evoking specific adaptations, not only by increasing antioxidant/oxidative damage repairing enzyme activity and resistance to oxidative stress \[[@bib6],[@bib7]\], but also contributing to the specific physiological adaptation of muscle function and plasticity, like mitochondrial biogenesis and angiogenesis \[[@bib8], [@bib9], [@bib10]\], as well as adaptation in other biological systems \[[@bib11],[@bib12]\].

Epigenetics can be shortly defined as "the study of mitotically and/or meiotically heritable changes in gene function that cannot be explained by changes in DNA sequence" \[[@bib13]\]. The historical definition of "epigenome" usually refers to the chemical changes to DNA and histone proteins (i.e., methylation and/or acetylation) in a cell, but the current definition of epigenetic modifications generally includes functional and inheritable changes of the genome driven by DNA methylation, histone post-translational modification and non-coding RNA (ncRNA) expression \[[@bib14]\]. The epigenome is indeed highly dynamic and can be modified either in response to biological factors, such as development and aging processes \[[@bib15]\], or under the influence of exogenous factors, such as nutrient availability and physical exercise \[[@bib16],[@bib17]\]. The current literature on epigenetic modifications determined by exercise interventions points out biomarkers related to energy regulation, mitochondrial function and biosynthesis, as well as muscle regeneration, calcium signaling pathways and brain plasticity, that are consistent with the known exercise-induced redox signaling and/or ROS unbalance \[[@bib18]\].

Although the global impact of exercise-associated redox modifications on epigenetics is far from being clarified, current knowledge suggests their pivotal role in DNA methylation, post-translational modification of histone residues (hPTMs) and ncRNA expression elicited by regular exercise \[[@bib19]\]. This review aims at providing an overview of current evidence on exercise-related epigenetic modifications, with a specific emphasis on the epigenetic regulation of the ROS generating systems as well as antioxidant enzymes, and on the role of ROS as modulators of epigenetic machineries.

2. Exercise-induced epigenetic modifications {#sec2}
============================================

It is well known that exercise can induce deep effects on all physiological systems improving the performance and the health status through specific sub-cellular changes. In the past years, significant advances have been achieved in the understanding of the "cellular and molecular benefits of exercise" \[[@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26], [@bib27], [@bib28], [@bib29], [@bib30]\]. However, despite on-going investigations, the molecular mechanisms behind these changes/adaptations are yet to be fully elucidated. All processes involved are mediated by several signaling events, pre- and post-transcriptional regulation, translation and protein processing, which together orchestrate the integrated response to exercise practice.

Emerging evidences indicate that a large part of the positive effects of exercise are driven by epigenetic alterations, thus altering the expression level of various genes associated to physiological and pathological conditions \[[@bib17],[@bib31]\] ([Fig. 1](#fig1){ref-type="fig"}). Moreover, several studies demonstrate the implication of epigenetic modifications as mediators of intergenerational transmission of exercise effects \[[@bib32],[@bib33]\].Fig. 1**Schematic overview of epigenetic changes induced by physical exercise.** DNA methylation, histone modification, and ncRNAs regulation are the main mechanisms related to changes in the expression of the relevant genes responsible for numerous changes/adaptation during physiological and pathological conditions. **DNMTs**, DNA methyltransferase; **M**, methylation; **HATs**, histone acetyiltransferases; **HDACs**, histone deacetyiltransferases; **ncRNA**, non-coding RNA; **mRNA**, messenger RNA.Fig. 1

The most intensely studied epigenetic modification induced by exercise is DNA methylation, although other common changes, such as histone acetylation and expression of different types of ncRNAs, are known to be relevant \[[@bib34], [@bib35], [@bib36], [@bib37], [@bib38]\].

Many epigenetic studies presented here describe results deriving from animal or *in vitro* experiments and cannot be directly transferred into humans. However, they demonstrate that the epigenome has greater flexibility than previously thought, with a potentially high impact that extends to humans. In this section, we will offer an overview of the exercise-induced epigenetic modifications related to sport performance and health status, while their actual or putative connection with redox homeostasis alteration will be discussed in the following sections. For those interested into details of the molecular mechanism of epigenetic processes, the relevant literature is provided in the respective sub-sections.

2.1. DNA methylation {#sec2.1}
--------------------

DNA methylation results from the addition of a methyl group to a cytosine by DNA methyltransferases (DNMTs) influencing transcription \[[@bib39]\]. In vertebrates, the primary sites for DNA methylation are the 5′-positions of cytosine residues at cytosine-guanine dinucleotide (CpG) islands. Methylated sections of DNA are less accessible for DNA-binding proteins and RNA-polymerases and therefore downstream genes are generally decreased in their expression \[[@bib40]\]. However, in some rare cases involving tumorigenesis and abnormal functions, the methylation can occur in non-CpG sites \[[@bib41]\]. Finally, it seems that loss of DNA methylation (demethylation) is an active event mediated by Ten-eleven translocation (TET) enzymes \[[@bib42]\].

A number of studies have sought to elucidate the relationship between exercise and DNA methylation, measured either across all the genome (i.e., global methylation) or at level of specific genes, showing an exercise-dependent and tissue specific fashion.

Skeletal muscle displays a remarkably high plasticity in its adaptive response to exercise. For instance, high-intensity acute exercise induces hypomethylation of genes involved in mitochondrial function and fuel usage, such as peroxisome proliferator-activated receptor gamma coactivator 1-alpha (*PGC1α*), pyruvate dehydrogenase kinase, isozyme 4 (*PDK*4), mitochondrial transcription factor A (*TFAM*), peroxisome proliferator-activated receptor d (*PPAR-δ*), as well as citrate synthase (*CS*) and myocyte enhancer factor 2A (*MEF2A*) \[[@bib43]\]. On the other hand, a chronic moderate-intensity exercise induces hypomethylation of genes involved in many aspects of muscle adaptation, such as mitochondrial and lipid metabolism (i.e., *Stard10*, *Slc20a1*, *RUNX1*, *MEF2A*, *NDUFC2*, *ADIPOR1*, A*DIPOR2*, and *BDKRB*2), glucose metabolism (*Gfpt2*, *Cab39*) \[[@bib44]\], muscle growth and differentiation (*Igfbp4, Plxna2*) \[[@bib45]\], as well as angiogenesis (*Cds2*) and muscle innervation (*Dok7*) \[[@bib38],[@bib46]\].

Consequences of exercise on DNA methylation are also observable in adipose tissue. In particular, exercise training has been shown to produce positive changes in fat storage and reduce the chance of diabetes, increasing the DNA methylation level of thousands of genes, including *RALBP1*, *HDAC4*, *NCOR2*, as well as other candidate genes relevant for obesity and type 2 diabetes (e.g., *TCF7L2*, *KCNQ1*, *HHEX*, *IGF2BP2* and *JAZF1*) \[[@bib44],[@bib47]\].

In the peripheral blood, both acute and chronic exercise regulate the methylation level of genes involved in the inflammatory response and in inflammation-associated diseases (i.e., *ASC*, *TNF*, *IL-10*) \[[@bib48],[@bib49]\].

Finally, Gomez-Penilla et al. \[[@bib50]\] demonstrated that regular exercise promotes the stable increase in BDNF expression through the hypomethylation of CpG sites in BDNF promoter, thus suggesting one possible mechanism by which physical exercise can increase the hippocampal synaptic plasticity, learning and memory \[[@bib51]\].

2.2. Histone post-translational modifications (hPTMs) {#sec2.2}
-----------------------------------------------------

Histone modifications affect the accessibility of DNA through changes in chromatin structure by regulating histone binding to DNA. This association is governed by post-translational modifications of histones, including acetylation, methylation, phosphorylation and ubiquitination \[[@bib52]\], and affects mainly lysine, arginine and serine residues to induce major changes on chromatin structure and, consequently, in gene expression \[[@bib53]\].

A typical example of histone post-translational modification induced by exercise is represented by the regulation of the myocyte enhancer factor 2 (MEF2), a key transcription factor involved in muscle development \[[@bib54]\]. The transcriptional activity of MEF2 is repressed by the class II histone deacetylases (HDACs), which do not possess HDAC activity by themselves, but rather recruit a repressive complex containing HDAC3 for this purpose \[[@bib55]\]. Once formed, this molecular complex deacetylates the NH2-terminal tails of histone proteins, thus resulting in chromatin condensation and preventing the access of transcriptional coactivators. Indeed, following a single bout of endurance exercise, the phosphorylation of class II HDACs (i.e. HDAC4 and HDAC5) determines a reduced nuclear abundance of HDACs and MEF2-associated HDACs in skeletal muscle and an increase in the global H3 acetylation at lysine 36, changes that were associated with increased MEF2 DNA-binding activity and GLUT4 mRNA \[[@bib34],[@bib35],[@bib56]\].

Another modification potentially involved in the exercise adaptations is the protein ubiquitination. Potthoff and colleagues \[[@bib34]\] demonstrated that exercise-induced increase of MEF2 activity in slow oxidative soleus muscle was dependent upon the ubiquitin-mediated proteasomal degradation of HDACs 4, 5 and 7, leading to enhanced physical performance and resistance to fatigue. Other genes are regulated by the class II HDACs, including peroxisome proliferator activated receptor gamma coactivator1-α(*PGC1α*), carnitine palmitoyltransferase 1 (*CPT-1*), medium chain acyl-CoA dehydrogenase (*MCAD*), hexokinase II (*HKII*), glycogen phosphorylase, and ATP synthase β \[[@bib57],[@bib58]\].

In addition to skeletal muscle, other tissues have shown this type of epigenetic changes induced by exercise: in 2011, Gomez-Pinilla et al. found that exercise-induced acetylation of histone H3 in the BDNF promoter IV, along with a reduction of HDAC5 levels, resulted in the transcription of *BDNF* gene and stable BDNF expression in hippocampus of rats \[[@bib50]\].

Exercise can also alter the activity of hippocampus by changing the HAT/HDAC ratio. Experiments performed in mouse models document the reduction of HDAC activity and the increase in HAT activity induced by exercise in this specific brain region \[[@bib59],[@bib60]\]. This allows the locals opening of condensed chromatin and thereby the transcription of specific genes, likely promoters of physical and mental health.

2.3. Modulation of non-coding RNAs expression {#sec2.3}
---------------------------------------------

ncRNAs represent the majority of DNA transcripts and their role in mammalian biology is supported by the strong correlation between organismal complexity and size of the noncoding, rather than protein-coding, genome \[[@bib61]\]. ncRNAs less than 200 nucleotides in length are generally classified as short, while all larger transcripts are regarded as long ncRNA (lncRNA). There are several subtypes of long and short ncRNA species, many of which are involved in the regulation of gene expression, and these can be further grouped according to their genomic origins and biogenic processes \[[@bib62]\].

The best--characterized ncRNAs in exercise research are microRNAs (miRNAs) that are around 21 nucleotides in size and regulate gene expression mainly by base-pairing to the 3′-untranslated region (UTR) or 5′-UTR of target messenger RNAs (mRNA) \[[@bib63]\]. To date, miRNAs have been suggested as key regulators of cardiac, skeletal muscle, immune and neuronal functions \[[@bib64], [@bib65], [@bib66], [@bib67], [@bib68]\]. Only recently it has been highlighted the role of lncRNAs as epigenetic regulators during normal and diseased cellular function, however, their role in adaptive processes induced by physical exercise is just emerging and needs dedicated studies \[[@bib69]\].

Many studies have demonstrated at both systemic and tissue levels the efficacy of exercise training in modulating the expression of several miRNAs, enough to be considered as essential mediators of processes associated with exercise in athletes and in general population [@bib70], [@bib71], [@bib65], [@bib68]\[[@bib65],[@bib68],[@bib70],[@bib71]\]. Changes in cardiac miRNA expression levels have been associated with the modalities of aerobic training regimes, which lead to physiological, non-pathological modification of heart. Indeed, both voluntary wheel and swimming exercise are recognized for its efficiency in inducing myocardial hypertrophy and ventricle compliance, cardiac angiogenesis, as well as cardiomyocyte survival, growth and proliferation through the modulation of several miRNAs (i.e. miR-1, miR-133a, miR-133b, etc.) influencing a broad spectrum of targets \[[@bib70],[@bib72],[@bib73]\].

Similar to the cardiac tissue, miRNAs can mediate the exercise training-induced changes also in the skeletal muscle. In particular, exercise modifies the level of several small RNA molecules, including myomiRNAs (e.g., miR-1, miR-16, miR-21, miR-26a, miR-29a, miR-126, miR-133a, miR-133b, and miR-206, miR-210, miR-221, 328, miR-378, miR-451, and miR-494), which contribute to myocyte proliferation and differentiation, determination of muscle fiber types, and to muscle hypertrophy and atrophy \[[@bib70],[@bib74], [@bib75], [@bib76]\].

As reported above, growing evidence suggests the importance of exercise for brain health \[[@bib77]\]. Although the cellular and molecular mechanisms underlying the beneficial effects of exercise are still poorly understood, it is known that physical exercise is beneficial for brain functions through fine-tuning of sophisticated epigenetic mechanisms. In particular, exercise has demonstrated to be a potent modulator of miRNAs expression (i.e. miR-21, miR-15b, miR-199a, miR-28a, miR-98, miR-148b, etc.) that affects both growth-associated PTEN/mTOR and apoptosis-associated pathways. These pathways are critical regulators of protein synthesis, axon regeneration and plasticity in the central nervous system \[[@bib68],[@bib78]\].

It is also known that physical exercise modulates several parameters of both natural and acquired immunity \[[@bib79],[@bib80]\], reducing the number of infections and inhibiting tumorigenesis \[[@bib81],[@bib82]\]. Several authors have highlighted as exercise affects the gene and the miRNA expression pattern (e.g., miR-21, miR-223, miR-126, miR-23b and miR-17, etc.) in different population of circulating cell lines such as monocytes, natural killer, and neutrophils \[[@bib83], [@bib84], [@bib85]\].

Finally, and not in order of importance, it seems that exercise orchestrates a dynamic regulation of various circulating miRNAs (c-miRNAs) in the plasma (miR-21, miR-221, miR-20a, miR-146a, miR-133, and miR-222, etc.), which mediate many physiological processes such as angiogenesis, inflammation, skeletal and cardiac muscle contractility \[[@bib70],[@bib86],[@bib87]\].

3. Epigenetic modulation of redox homeostasis components and response to exercise {#sec3}
=================================================================================

3.1. Redox homeostasis and exercise {#sec3.1}
-----------------------------------

After the pioneering studies from Davies et al. \[[@bib88]\] demonstrating that a single bout of exhaustive endurance exercise significantly increases ROS production and oxidative damage in rat skeletal muscle, the impact of different modalities of exercise in modifying the redox homeostasis have been extensively investigated \[[@bib4],[@bib89]\]. At present, the dual role that exercise-induced ROS hold in cellular signaling and in the systemic or tissue specific adaptation to exercise training versus the exercise-induced oxidative stress and tissue damage is well recognized \[[@bib4],[@bib5],[@bib7],[@bib18],[@bib90],[@bib91]\]. During moderate or customized intensive exercise, ROS signaling, possibly mediated by redox-sensitive thiols \[[@bib92]\], plays a role in a broad range of biological processes, such as gene activation, detoxification, vasodilation, cell growth, proliferation and adaptation that, ultimately, explain the contribution of exercise in maintaining the healthy status in aging or in improving the prevention and treatment for several diseases \[[@bib93]\]. In acute or exhaustive exercise, ROS production can overcome the cellular antioxidant capacity leading to biomolecules' damage, impaired cellular function and apoptosis through a pro-inflammatory redox-sensitive response \[[@bib65]\]. The present figure shall also take into account that contracting muscle produces nitric oxide (NO) mostly by nitric oxide synthase 1 (NOS1) and 2 (NOS2) 1 \[[@bib94]\] and that NO, beside acting as signaling molecule per se, can react with superoxide producing peroxynitrite, determining a further depletion of thiol groups in cells \[[@bib4]\].

In this context, any type of epigenetic modulator affecting the expression of genes related to ROS or RNS formation, neutralization and sensing has the potential to impact the outcomes of the redox perturbation during exercise acting on the upstream mediators, discussed in this section, while exercise-induced redox perturbation might act as downstream modulator of the epigenetic machinery, discussed in the next section. Due to space limitations, this chapter will highlight the main evidences directly or indirectly connected with exercise, recapitulated in [Table 1](#tbl1){ref-type="table"} and [Fig. 2](#fig2){ref-type="fig"}. For an exhaustive analysis of the epigenetic landscape related to ROS formation and redox homeostasis, interested readers are directed to detailed reviews already available \[[@bib95], [@bib96], [@bib97], [@bib98], [@bib99], [@bib100], [@bib101], [@bib102]\].Table 1Published articles on exercise-induced modulation of redox homeostasis components by epigenetic regulation.Table 1Subjects/AnimalsExercise interventionTissueTargetEpigenetic modificationOutcomeRef.Human subjects, healthy sedentaryacute aerobic exercise (80% of maximal aerobic capacity)skeletal musclePGC1α\
TFAM\
*PPAR- δ*\
*PDK*4↓DNA methylation of genes\' promoter↑Genes\' expression\[[@bib43]\]Rats, young (7 months) and old (34 months)acute intramuscular induced electric stimulation at maximal tetanic force (10′ x 4 bouts)skeletal musclePGC1α\
*PDK*4↓DNA methylation of genes\' promoter↑Genes\' expression\[[@bib116]\]Human subjects, sedentary with ≥2 CV risk factors12-week high-intensity interval training (HIIT)blood cellsp66(Shc)↑DNA methylation of genes\' promoter↓Gene expression ↓ 3-NT plasma concentration\[[@bib117]\]C57BL mice, diet-induced hyperhomo-cysteinemiaAerobic training (treadmill, 10 m/min x 60′), 5 days/week x 14 weeksaortic endothelial cellsNADPH↑SIRT1-mediated hPTMs↓NADPH activity ↓ MDA plasma concentration\[[@bib132]\]Male C57BL/6 miceAerobic training (voluntary wheel running x 8 weeks)Skeletal muscleNrf1\
PGC1α↓miR-494 ↓miR-696↑Nrf1 mRNA\
 = PGC1α mRNA ↑PGC1α protein\[[@bib158]\]Huma subjects, active female 66 ± 5 years5-month interval walking training (3′,70% + 3′, 40% peak aerobic capacity x 5 sets) plus low or high post-exercise protein intakeWhole bloodNFKB1\
NFKB2↑DNA methylation of genes\' promoter↑Muscle strength\[[@bib188]\]male C57/bl6 wild type and ATX miceAerobic training (voluntary wheel running x 12 weeks)Whole blood\
Skeletal muscleGpx1↓DNA methylation of gene' promoter↑Gpx1 mRNA\[[@bib197]\]Human subjects, sedentary and lifelong active elderlyStructured exercise more than 3 times/week throughout lifeSkeletal muscle*MGST1 OXR1 SOD2*\
*CAT*↓DNA methylation of gene' promoter↓ muscle protein carbonyls\[[@bib203]\]Human subjects, type 2 diabetesAerobic exercise on treadmill (4 times/week x 10 weeks; 50--70% *V*[o]{.smallcaps}~2peak~)Skeletal muscle*GSTM1*\
GSTM5↓DNA methylation of gene' promoter↑GSTM1 mRNA\
↑GSTM5 mRNA\[[@bib216]\]Fig. 2**Schematic representation of putative overlapping between epigenetic modulation of redox homeostasis components and exercise-induced molecular response.** In addition to genetic mechanism, physical activity can modulate ROS/RNS generating systems, redox-sensitive transcription factors and antioxidant enzymes through epigenetic mechanisms, including the methylation status or histone post-translational modifications (hPTMs) of relevant target genes, and modification of noncoding RNA (ncRNAs) expression. Within each category, only genes or ncRNAs reported to be involved in epigenetic regulation of redox homeostasis components and also known to be modulated by exercise have been included. **ACACA**, acetyl-CoA Carboxylase Alpha; **CAT**, catalase; **CPT1a**, carnitine palmitoyltransferase 1A; **FoxO**, forkhead box class O proteins; **Gpx**, glutathione peroxidases; **Gpx1**, glutathione peroxidase 1; **MEF2**, myocyte enhancer factor 2; **MGST1**, microsomal glutathione S-transferase 1; **NADPH**, NADPH oxidase family; **ND6**, NADH-ubiquinone oxidoreductase chain 6; **NFKB1**, Nuclear Factor Kappa B Subunit 1; **NFKB2**, Nuclear Factor Kappa B Subunit 2; **NOS**, nitric oxide synthase; **Nox4**, NADPH oxidase 4; **Nrf2**, nuclear respiratory factor 2; **p53**, tumor protein p53; **p66shc**, redox-regulating protein p66; **PDK4**, pyruvate dehydrogenase kinase, isozyme 4; **PGC1α**, PPAR Coactivator-1 α; **PPARγ**, peroxisome proliferator-activated receptor gamma; **Prxs**, peroxiredoxins; **RNS**, reactive nitrogen species; **ROS**, reactive oxygen species; **SIRT1**, NAD-dependent lysine deacetylases Sirtuin 1; **SOD1**, superoxide dismutases 1; **SOD2**, superoxide dismutases 2; **SOD3**, superoxide dismutases 3; **TFAM**, mitochondrial transcription factor A; **Trxs**, thioredoxins; **TrdxRs**, thioredoxin reductases; **XO**, xanthine oxidase.Fig. 2

3.2. Epigenetic modulation of ROS and RNS generating systems {#sec3.2}
------------------------------------------------------------

The increased demand for ATP and the accelerated oxidation of food molecules during muscle voluntary contraction, together with additional molecular events, trigger also the primary or secondary generation of superoxide from the electron transport chains of mitochondria \[[@bib103]\] and from other intracellular sources, such as sarcolemmal NADPH oxidase, 5-lipoxygenase, cyclooxygenase and xanthine oxidase (XO) \[[@bib104]\].

Mitochondria represent the cell\'s powerhouse and their function depends upon the coordination of nuclear and mitochondrial genomes. Given the functional interconnection between mitochondria and environmental stimuli, such as nutritional fluctuations and stress conditions, mitochondria display a crucial role in the modulation of gene expression through the modification of the epigenome \[[@bib105]\]. It is worthy to consider that acetyl-CoA and S-adenosyl methionine (SAM) are utilized for histone acetylation and for both histone and DNA methylation, respectively, and the levels of these metabolites are regulated by intermediate metabolism and mitochondrial function \[[@bib106]\]. Indeed, available data confirm that epigenetic mechanisms are participating to the interplay between mitochondrial and nuclear interactions [@bib107], [@bib101]\[[@bib101],[@bib107]\]. DNA methylation is known to modulate many nuclear-encoded mitochondrial genes, such as the carnitine palmitoyltransferase 1A (*CPT1a*) and Acetyl-CoA Carboxylase Alpha (*ACACA*), two key enzymes of lipid oxidation \[[@bib108],[@bib109]\], that have been recently shown being modulated by acute strength or endurance exercise in mice and in humans \[[@bib110], [@bib111], [@bib112]\]. Also non-CpG methylation has been associated with mitochondrial function: the non-CpG hypermethylation at the *PGC1α* and *PDK4* genes\' promoter is associated with obesity in humans \[[@bib113]\] and the methylation pattern of these genes can be restored by gastric bypass surgery, weight loss and exercise \[[@bib114], [@bib115], [@bib116]\]. Recently, Streese et al. \[[@bib117]\] demonstrated that 12 weeks of high-intensity interval training (HIIT) restored in blood mononuclear cells of ageing subjects with increased CV risk the methylation of the gene promoter for the redox-regulating protein p66(Shc), a mitochondrial adaptor that drives the ageing-induced reactive oxygen species \[[@bib118]\]. They also demonstrate that HIIT-induced reduction of p66Shc gene expression is paralleled by a restored microvascular phenotype.

Although the biological significance of mitochondrial DNA (mtDNA) methylation is still a matter of debate \[[@bib107],[@bib119]\], it has been reported that transcript variants of the human and mouse DNMT1 (mtDNMT1) translocate to the mitochondria, while DNMT3A and DNMT3B have been identified in mitochondria, too, with a possible role for GpC and not CpG methylation as regulator of mitochondrial gene expression \[[@bib120]\]. Among the mtDNA genes, differently methylated in the experimental setting, a special attention should be given to NADH-ubiquinone oxidoreductase chain 6 (ND6) gene. In human colon carcinoma cells exposed to a pro-oxidant environment, ND6 displays inhibition via hypermethylation determined by NRF1 and PGC1α mediated up-regulation of the mtDNMT1 variant \[[@bib121]\], opening the possibility that exercise-induced ROS production can contribute to mitochondrial adaptation via mtDNA methylation.

As described above, different levels of both acetylation and methylation of histones can modulate gene expression. Whereas mitochondria are involved in controlling histone acetylation and methylation \[[@bib101]\], there is also regulation in the opposite direction. As example, the inhibition of the SET domain containing lysine methyltransferase 7 (SETD7, also called SET7/9) promotes mitochondrial biogenesis and activates an antioxidant response through PGC1α and NFE2L2, respectively \[[@bib122]\].

A number of miRNAs, called mitomiRs, are encoded by the nuclear DNA and then translocate into the mitochondria targeting either mitochondrial or nuclear mRNAs. The role of exercise in modulating mitomiRs expression is still unknown but their species as well as cell type-specificity promises to identify a future role in training adaptation. Indeed, they represent a unique population of miRNAs and seem to be involved in the regulation of mitochondria-specific functions, in addition to the general cellular functions \[[@bib123]\]. Bioinformatics analysis suggests that muscular mitomiRs let-7b has the potential to target mitochondrial transcripts, such as COX2, ND5, ATP6 and ATP8, while miR-133a was predicted to target ND1 \[[@bib124]\]. Das et al. \[[@bib125]\] demonstrated that overexpression of miR-181c-5p in rat myocytes results in a loss of mt-COX1 protein and imbalance among the mitochondria-encoded subunits in complex IV promoting ROS generation.

The NADPH oxidase (Nox) family of proteins generates a defined burst of superoxide or hydrogen peroxide as a controlled response to distinct stimuli, and thus are important contributors toward redox signaling \[[@bib126]\]. Examples of epigenetic regulation of NADPH oxidases via DNA methylation of their promoter region or that of the genes required for their assembly \[[@bib127]\], as well as throughout hPTMs and mi-RNA silencing have been reported \[[@bib100]\]. Actually, beside the evidence that treatment of endothelial cells with inhibitors of HDAC reduces the transcriptional activity and expression of Nox4 \[[@bib128]\], it has been clearly demonstrated that activation of SIRT1, a class IV HDAC, displays anti-aging and anti-oxidant effects partially by down-regulation of Nox-derived ROS production \[[@bib129],[@bib130]\]. The role of exercise training in SIRT1 activation is well known, and it will be discussed in the next section \[[@bib3],[@bib131],[@bib132]\]. Regarding the modulation of NOX transcripts by microRNA, it has been demonstrated that miR-25 directly targets the 3′UTR of the human *NoxOX4* gene. Indeed, down-regulation of miR-25 expression leading to NOXox4 up-regulation and consequent ROS production has been described in some diseases, such as hypercholesterolemia \[[@bib133]\], as well as after endurance training \[[@bib134]\]. Other mi-RNAs (miR-106b, miR-148b, miR-204, miR-448-3p) targeting *Nox2* in macrophages and heart of mice have been identified \[[@bib135],[@bib136]\], with miR-148b also found to be negatively regulated in human skeletal muscle by transition from physical active to sedentary behavior \[[@bib137]\].

Finally, *in vitro* and *in vivo* animal studies suggest that epigenetic changes can modulate *NOS1, NOS2A* and *NOS3*, affecting NO production or bioavailability \[[@bib138],[@bib139]\]. Exercise training is effective in enhancing NOS activity and expression \[[@bib140],[@bib141]\], but no data related to exercise-induced epigenetic regulation of NOS have been collected so far.

3.3. Epigenetic modulation of redox signaling pathway {#sec3.3}
-----------------------------------------------------

The spontaneous or superoxide dismutases 1 and 2 (SOD1; SOD2) driven-dismutation of superoxide into hydrogen peroxide (H~2~O~2~) causes the ROS diffusion in the cytoplasm and the activation of redox-sensitive kinases such as AMP-activated protein kinase (AMPK) and p38 mitogen-activated protein kinase (MAPK). They activate redox-sensitive transcription factors that control both ROS generating systems and antioxidant enzymes, namely PGC1α, Nrf1, Nrf2, mitochondrial transcription factor A (TFAM), p53, NF-kB, the forkhead box class O proteins (FoxO) and others \[[@bib142]\]. Considering the aim of this review, we will concentrate on PGC1α, Nrf2 and NF-kB, referring to the up-to-date available literature for an extended reading of the topic \[[@bib95],[@bib143], [@bib144], [@bib145], [@bib146], [@bib147]\].

PGC1α, encoded by PPARGC1A gene, holds a fundamental role in mitochondrial biogenesis and antioxidants modulation, being activated by environmental stimuli via several signaling kinases (i.e., AMPK and p38) \[[@bib95]\]. It targets several other transcription factors, such as Nrf1 and Nrf2, that regulate both ROS and RNS production and neutralization \[[@bib148],[@bib149]\]. The key role of PGC1α in exercise adaptation is widely recognized \[[@bib30],[@bib150]\] and its epigenetic modulation by exercise through the redox-sensitive NAD-dependent lysine deacetylases Sirtuin 1 (SIRT1) has been extensively reported \[[@bib3],[@bib151]\]. In addition to the redox-sensitive post-translational modification of PGC1α exerted by SIRT1, PGC1α gene expression seems to be modulated through promoter hypermethylation \[[@bib115],[@bib152]\], as well as via class I and class II histone deacetylases (HDACs) that, in addition to prevent the acetylation on PGC1α promoter area, also repress the myocyte enhancer factor 2 (MEF2), the main PGC1α upstream regulator \[[@bib57]\]. In humans and in mice, Barrès et al. \[[@bib43]\] demonstrated that acute exercise/contraction induces a decrease on whole genome methylation, as well as in the DNA methylation at *PGC1α, MEF2*, *PPAR-δ* and *TFAM* sequences with the subsequent increase in PGC1α expression. Conversely, it has been demonstrated that bed rest increases the DNA methylation of *PGC1α* gene together with other genes associated with insulin resistance \[[@bib153]\]. Some results also suggest that exercise could inhibit HDAC5 thus increasing PGC1α expression in skeletal muscle, however, direct evidences about exercise-induced post-translational modifications of histones at the PGC1α promoter are missing \[[@bib154]\]. Similar picture refers to the possible modulation of PGC1α by non-coding RNA: although it has been shown that PGC1α expression can be directly or indirectly downregulated by miRNAs (such as miR-22, miR-29, miR-27b), with critical consequences for skeletal and cardiac muscle cells \[[@bib155], [@bib156], [@bib157]\], no direct evidences are available with respect exercise stimulus. In 2016, Sun et al. \[[@bib158]\] demonstrated that 8 weeks of voluntary wheel running decrease the expression of miR-494 and miR-696 in mouse gastrocnemius muscle with an increase in Nrf1 mRNA and PGC1α protein, but not in PGC1α mRNA, suggesting that other factors might be involved in PGC1α modulation.

Nuclear factor erythroid 2-related factor 2 (Nrf2) transcription factor regulates about 250 genes, including antioxidant proteins, detoxifying enzymes and cytoprotective proteins and it is considered one of the key players in orchestrating the antioxidant response after acute and regular exercise \[[@bib159], [@bib160], [@bib161]\]. In basal conditions, Nrf2 is associated with Keap1 (Kelch-like ECH-associated protein 1), a multi-domain protein rich in cysteines that, together with other factors, allows Nrf2 constant degradation through the proteasome. ROS increase leads to the oxidation of Keap1 critical cysteine residues and the release of Nrf2, preventing its degradation \[[@bib162]\]. Although some recent results demonstrate the modulation of Nrf2 expression by epigenetic modulation of ROS production in muscle cells \[[@bib163]\], at present no data have been collected regarding a direct epigenetic modulation of Nrf2 gene expression by exercise or muscle contraction. Both Nrf2 and Keap1 genes have a consistent number of CpG dinucleotides in their promoters, even though the epigenetic modulation through the CpG methylation level seems to occur preferentially in the Keap1 gene. In ageing, the loss of DNA methylation in the promoter of Keap1 gene decreases Nrf2-dependent antioxidant protection and results in a redox imbalance and decreased antioxidant protection in lens \[[@bib164]\]. The downregulation of Nrf2 by hypermethylation of selected CpGs in its promoter has been described in prostate tumors of TRAMP (PB-Tag C57BL/6) mice, tumorigenic TRAMP-C1 cells and in tissue from patients with muscle-invasive urothelial carcinoma \[[@bib165],[@bib166]\]. Moreover, the maintenance of Nrf2 expression in prostate tumors of TRAMP mice via epigenetic inhibition of CpG methylation by bioactive nutrients has been also reported \[[@bib167]\]. Regarding histone acetylation, histones H3 and H4 have been involved in epigenetic regulation of Nrf2 \[[@bib168],[@bib169]\]. Ray et al. \[[@bib170]\] demonstrated that acetylation of H4 in Lysine16 and Lysine 588 of the Neh1-promoter leads to the expression of Nrf2-dependent genes, whereas the induction of HDAC decreases H3 and H4 acetylation, resulting in lower Nrf2 expression in microglia \[[@bib171]\]. Recently, in rat liver, Sun et al. \[[@bib172]\] demonstrated that sodium butyrate up-regulates Nrf2 by down-regulating HDAC1 and increasing histone H3 acetyl K9 (H3K9Ac) modification in the Nrf2 promoter, thus protecting the animals from high-fat diet-induced oxidative stress. Different ncRNAs have been involved in the negative or positive regulation of Nrf2. The direct binding of miR-144, miR-153, miR-27a, and miR-142-5p to the 3′UTR end of Nrf2 messenger promotes Nrf2 down-regulation in lymphoblast cells \[[@bib173]\] and/or neuronal cells \[[@bib174]\], while bioinformatic analyses have shown that miR-200a can interact with the 3′UTR region of the Keap1 mRNA promoting its degradation and Nrf2 activation \[[@bib158]\]. In recent years, various mi-RNAs have been identified to target the 3′UTR of Nrf2 and Keap1, as well as to alter the expression of other proteins in the Nrf2 "regulome" that would also alter ARE-mediated redox signaling \[[@bib175]\].

The NF-κB family of redox sensitive transcription factors, consisting of five members \[NF-κB1 (p50/p105), NF-κB2 (p52/p100), c-Rel, RelA (p65), RelB\], is involved in the cell response to a wide spectrum of stress stimuli including oxidative stress. NF-kB activity is suppressed by an inhibitory protein (IκB) which, after phosphorylation by specific kinases (IKKα/β and NEMO), becomes ubiquitinylated and degraded via the ubiquitin/proteasome system, leading to the activation and translocation of NF-κB into the nucleus. NF-κB can be activated also through Tyr-181 nitration, which leads to dissociation from IκB. NF-κB has a crucial role in the regulation of inflammation and immunity, targeting genes such as *NOX2*, *XOR*, *NOS1*, *NOS2*, *COX-2*, *LOX-5*, *LOX-12* (reviewed in Ref. \[[@bib145]\]). NF-κB inhibition holds a prominent role in the early survival of muscle cells shifting the cellular function towards oxidative stress resistance and DNA repair, also via FOXO/SIRT1 pathway \[[@bib176],[@bib177]\] and it is involved in the atrophy of skeletal muscle via protein degradation, particularly relevant in aging \[[@bib178],[@bib179]\]. As for Nrf2, data on exercise-induced epigenetic modulation of NF-κB are scanty. Nevertheless, the epigenetic modification of NF-κB promoter related to oxidative stress improvement has been described in diseases such as type 2 diabetes \[[@bib180]\], whose management via exercise intervention is linked, among others, to reduction in the pro-inflammatory response \[[@bib181]\]. Indeed, in older women, a 5-months of combined intervention with interval walking training (IWT) and post-exercise milk product intake ameliorated muscle strength and induced *NFKB1* and *NFKB2* gene methylation \[[@bib182]\]. In monocyte cells, Pinheiro et al. \[[@bib183]\] demonstrated that *in vitro* treatment with the antioxidant resveratrol decreases the lipopolysaccharide-induced inflammatory response via histone deacetylation and methylation impacting the p65 NF-κB subunit, while different reports indicate a putative role of miRNAs (miR-146a, let-7a, miR-125b, miR-100, and miR-21) in regulating NF-κB and other pro-inflammatory signals in diabetic peripheral neuropathy \[[@bib184]\] and periodontitis \[[@bib185]\]. Actually, miR-21 and miR-146a have been often correlated with frailty \[[@bib186]\], while decreased expression of miR-146a, NF-κB and inflammatory cytokines has been described in type-2 diabetic rats submitted to 12-week of swimming \[[@bib187]\], as well as in plasma of obese human subjects or chronic kidney disease patients after 3 months of a physical activity program \[[@bib188],[@bib189]\].

3.4. Epigenetic modulation of antioxidant effectors {#sec3.4}
---------------------------------------------------

As anticipated, in normal conditions the concentration of ROS is regulated by enzymatic and non‐enzymatic antioxidant defenses. The superoxide dismutases (SODs) family, including the mitochondrial MnSOD (SOD2) and the two isoforms of Cu/ZnSOD localized intracellularly (SOD1) or extracellularly (ECSOD, SOD3), disproportionate the superoxide anions into oxygen and hydrogen peroxide. The scavenging enzymes catalase (CAT) or glutathione peroxidases (GPx), as well as peroxiredoxins (Prxs), glutaredoxins (Grxs) and thioredoxins (Trxs), can detoxify H~2~O~2~ to oxygen and water \[[@bib95]\]. Besides the indirect impact exerted by the epigenetic regulation of relevant transcription factors, such as Nrf2 and NF-κB, discussed in the previous section, the gene expression of antioxidant enzymes can be directly modulated by DNA methylation, hPTMs and microRNAs. For example, the epigenetic regulation of *SOD2* gene expression can impact various regulatory sequences within the promoter, adjacent to the transcriptional start site, within the enhancer, in the second intron, and at numerous upstream regulatory elements \[[@bib190]\]. Changes in both DNA methylation and hPTMs have been described in all these regions in cell types showing a very dynamic level of SOD2, especially during the carcinogenic progression \[[@bib191]\]. Similar evidences have been accumulated for various members of the Prxs family (reviewed in Ref. \[[@bib192]\]. Moreover, the modulation of DNA methylation and histone modification has been proven to effectively impact also the expression of *CAT, GPx1, GPx4, SOD1, SOD3, GSTP1* (glutathione S- transferase pi 1), *TXNRD2* (thioredoxin reductase 2) and *HO-1* (heme oxygenase 1) genes in non-cancer cells \[[@bib193], [@bib194], [@bib195], [@bib196]\]. The exercise-associated dependence of the epigenetic regulation of antioxidant enzymes is still not well studied, but the available data suggest that regular exercise could alter the DNA methylation at regulatory DNA sequences of the relevant genes. In 2016, Nguyen et al. \[[@bib197]\] demonstrated that 3 months of voluntary exercise in mice was able to transiently decrease the *Gpx1* gene hypermethylation induced in skeletal muscle by severe dyslipidemia while, in a recent study, Sailani et al. \[[@bib198]\] found that the promoter sequences of microsomal glutathione S-transferase 1 (*MGST1)*, oxidation resistance protein 1 (*OXR1), SOD2* and *CAT* genes show a reduced methylation in skeletal muscle of lifelong active elderly subjects when compared with age matched sedentary ones.

With respect the miRNAs contribution to the modulation of antioxidant genes' expression, it is well established that "redoximiRs" are capable to regulate the endogeneous antioxidant defenses \[[@bib98]\]. miR162, miR397, and miR408 have been suggested to potentiate the cellular antioxidant capacity by inhibiting the negative regulators of catalase gene expression \[[@bib173]\]. Similarly, Kitscha et al. \[[@bib199]\] demonstrated that modulation of miR‐320a, miR‐21‐3p and miR‐409‐5p decreases the oxidative damage by improving the expression of HO‐1 and increasing glutathione synthesis. In 2017, our group demonstrated that miR-23a and miR-23b bind directly to the 3′ UTR of thioredoxin reductase 1 (TrxR1) mRNA and are involved in the downregulation of TrxR1 expression during myogenesis \[[@bib64]\]. Other miRNAs targeting mRNA for antioxidant enzymes and related proteins have been described, such as miR-146a, which has SOD2 as a target, miR-181a with GPX1, miR-30b with CAT and miR-210, which targets apoptosis--inducing factors, that, collectively, seem to potentiate ROS generation \[[@bib200]\]. Also, miR-206, miR-335 and miR-34a, targeting SOD1 or SOD2 and Txnrd2, increase the ROS level \[[@bib201],[@bib202]\].

Among the above mentioned miRNAs, the level of circulating miR-146a, but not miRNA-210, have been shown to be modulated by aerobic-exercise in a volume-related dependency \[[@bib203]\], while primary miR-206 resulted up-regulated in skeletal muscle of young and old adults after an acute intervention combining resistance exercise plus amino acid supplementation (20-g leucine-enriched essential amino acid solution) \[[@bib204]\]. Similarly, the expression of both miR-23a and miR-23b resulted upregulated in resting skeletal muscle of recreationally active adult males after 4 weeks of resistance exercise \[[@bib205]\] or after concurrent, acute resistance and aerobic exercise, irrespective from post-exercise protein supplementation \[[@bib206]\].

4. Redox control of the epigenetic machinery and response to exercise {#sec4}
=====================================================================

Redox control of epigenetic mechanisms allows cells to adapt to changes in the environment. Adaptation to oxidative stress is obtained, at least in part, through a gene expression program achieved to protect cells from damage, to repair the damage, and to support cell survival. This involves cellular proteins responsive to redox changes, containing cysteine residues exhibiting nucleophilic thiols, which are promptly oxidized by ROS or alkylated by reactive carbonyl species (RCS) \[[@bib207]\]. Reduction and oxidation are mechanisms of post-translational modification \[[@bib208]\]. ROS arising from various origins, including exercise, can oxidize signaling proteins and transcription factors, but also components of the epigenetic machinery, including DNA and RNA molecules. For instance, thiol groups (R--SH) of specific cysteine residues can be reversibly oxidized in sulfenic acids (R--SOH) or irreversibly transformed in sulfinic (R--SO^2−^) or sulfonic (R--SO~3~^2−^) acids \[[@bib208]\]. These modifications cause conformational changes that affect enzymatic activity, protein-protein interaction, and protein subcellular localization \[[@bib208],[@bib209]\].

Aerobic organisms have evolved defense systems to rapidly detoxify oxidants. However, hydrogen peroxide does not represent only a source of oxidative stress, but it also acts as a signaling molecule, which is rapidly generated and easily managed by antioxidant systems within the cell \[[@bib210],[@bib211]\]. Several epigenetic regulators and their enzymatic activities can be affected by redox signaling, and RNA and DNA are often modified in this response. In this section we will briefly discuss the main modifications on epigenetic molecules achieved by redox perturbation ([Fig. 3](#fig3){ref-type="fig"}), pointing out available data on exercise-related modulation.Fig. 3**ROS affect the epigenetic machinery impacting gene expression programs.** Schematic representation of ROS effect on the epigenetic machinery. On the left, ROS induce DNA demethylation by reducing the availability of SAM to DNMTs and increasing the expression of TET proteins, leading to global hypomethylation (Methylated CpG are indicated in green). Phosphorylation-dependent nuclear export of HDACs and decrease of SIRT1 expression and activity allow acetylation of chromatin (acetylated histones are indicated in yellow). Exposure to pro-oxidant environment can induce PRMTs translocation into the nucleus, histone methylation (in purple) and recruitment of transcription factors (TFs), thus ensuring the cellular antioxidant defense program. ROS also impacts expression of miRNAs and can induce their oxidation, thus causing misregulation of target mRNAs. On the right, direct oxidation and nitration of histones (in orange) can induce chromatin relaxation and recruitment of transcription factors. **DNMTs**, DNA methyltransferases; **HDACs**, histone deacetylases; **PRMTs**, protein arginine methyltransferases; **ROS**, reactive oxygen species; **SAM**, S-adenosyl methionine; **SIRT1**, NAD-dependent lysine deacetylases Sirtuin 1; **TET**, Ten Eleven Translocation family. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 3

4.1. Redox control of DNA methylation {#sec4.1}
-------------------------------------

As already described, cytosine methylation is catalyzed by the DNA methyltransferases 1, 3A and 3B (DNMT1/3A/3B). DNMT enzymes use S-adenosyl methionine (SAM) as donor of the methyl group, which is then transferred to the 5-carbon of the cytosine ring, leading to the formation of S-adenosyl homocysteine \[[@bib212]\]. ROS can affect DNA methylation by acting on the activity and expression of DNMTs. By reducing the availability of the cofactor SAM, ROS can hamper the activity of DNMTs thus causing hypomethylation. On the other hand, through the inhibition of methionine adenosyl-transferase ROS decrease the level of SAM synthesis, whereas by inhibiting methionine synthase, ROS impair methionine regeneration. In parallel, upon oxidative stress conditions, methionine residues are required to produce the antioxidant glutathione (GSH) through cysteine metabolism, thus decreasing SAM synthesis \[[@bib96]\]. This critical link between the methylation intermediate SAM and the production of GSH highlights a role for the redox buffering capacity in influencing the epigenetic regulation via the availability of SAM pools, also important for the hPTMs by the HMTs \[[@bib96],[@bib213]\]. Indeed, when cells are exposed to acute or prolonged conditions of oxidative stress, GSH pools can be significantly depleted. For example, during strenuous exercise GSH is oxidized, leading to the accumulation of disulfide glutathione (GSSG) and modification of the GSSG/GSH ratio \[[@bib18],[@bib214]\], that is considered a redox central switch in the regulation of the cellular responses to oxidative stress induced by acute exercise or in the adaptation during regular exercise training \[[@bib28],[@bib215]\]. Recently, Stephens et al. demonstrated through genome-wide DNA methylation analysis and RNA sequencing that in type 2 diabetic patients the efficacy of 10 weeks of aerobic training in improving insulin sensitivity and glycemic control is correlated to decreased promoter methylation for genes involved in mitochondrial function, insulin sensitivity, as well as glutathione metabolism, such as glutathione-S-transfrerase 1 and 5 (GSTM1, GSTM5) in skeletal muscle \[[@bib216]\]. ROS can also induce DNA hypermethylation by increasing the expression of DNMTs \[[@bib217]\]. In particular, it has been shown that human cardiac fibroblast cells exposed to prolonged hypoxia resulted in a pro-fibrotic state associated with global DNA hypermethylation and increased expression DNMT1 and DNMT3B by hypoxia-inducible factor (HIF)-1α \[[@bib218]\]. Similarly, in isolated fetal rat hearts and cardiomyocytes, hypoxia was able to induce the hypermethylation of the PKC epsilon promoter, associated with cardiac dysfunction. Notably, this effect, which was not mediated by HIF, was attenuated by antioxidants \[[@bib219]\].

Recent evidence suggests a role for the Ten Eleven Translocation (TET) family of Fe^2+^ and α-ketoglutarate-dependent 5mC dioxygenases in active DNA demethylation upon ROS exposure \[[@bib220]\]. TET proteins catalyze the oxidation of 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), followed by deamination to 5-hydroxymethyluracil by cytidine deaminases \[[@bib221]\]. Subsequent base excision repair replaces the 5-hydroxymethyluracil with unmethylated cytosine \[[@bib168]\]. Cells exposed to ROS display significantly higher levels of 5hmC than controls, followed by a decrease in genomic methylation \[[@bib220]\]. On the contrary, in hypoxic condition, which is frequently observed in tumors, the activity of TET enzymes is reduced, leading to increased hypermethylation at gene promoters *in vitro* \[[@bib222]\].

Physical activity and lifestyle interventions widely contribute to these mechanisms, leading to a specific methylation signature, as mentioned above. In particular, it has been recently shown that acute aerobic exercise widely impacts the methylation status of natural killer cells, leading to a characteristic methylation pattern on specific genes \[[@bib223]\]. Moreover, it has been shown that an acute bout of intense treadmill exercise is able to reduce DNMT3B nuclear accumulation in the plasma \[[@bib224]\], possibly due to the downregulation of gene transcription and/or enhanced nuclear export, mediated by IL-6 accumulation and activation of JAK2/STAT3 and AKT kinases. In addition, increased *Tet1* and decreased *Dnmt3b* mRNA expression were observed in the hippocampi of rats engaged in physical exercise, further documenting the epigenetic mechanisms underlying the impact of physical exercise.

4.2. Redox control and histone acetylation {#sec4.2}
------------------------------------------

After exercise, acetylation of the histone H3 at lysine 36 (K36) is significantly increased in promoter regions containing active RNA polymerase II (RNAPII) \[[@bib35]\], due to the nuclear export of HDACs \[[@bib225]\]. The dynamic nucleocytoplasmic shuttling has been proposed as a mechanism of regulation of HDACs activity \[[@bib226]\]. For example, phosphorylation of HDACs at specific serine residues, occurring possibly by the AMP-activated protein kinase (AMPK) and the calcium--calmodulin-dependent protein kinase II (CaMKII) \[[@bib35],[@bib227]\], can induce the interaction with 14-3-3, thus masking the nuclear localization signal (NLS) from importin and unmasking the nuclear export signal (NES) to CRM1 (exportin) \[[@bib226]\]. Similarly, Trx1 regulate the nucleocytoplasmic shuttling of class II HDACs in a redox-dependent fashion. Increased ROS production causes thiol oxidation of cysteines 667 and 669 in HDAC4, unmasking the NES, which is then exposed to CRM1, inducing the nuclear export of HDAC4. Class II HDACs are thereby exported to the cytosol, where they can no longer suppress target transcription factors. In the cytosol, Trx1 reduces critical cysteines in HDAC4 by forming a multiprotein complex composed by DnaJb5, TBP-2, and importin, which returns HDAC4 to the nucleus \[[@bib228]\]. Regarding endogenous thiols, it is worthy to mention that histone H3 can be S-glutathionylated in mammalian cells by GSH, inducing modification of the nucleosome structure \[[@bib229]\]. Thus, the exercise-induced depletion of GSH or modification of the GSSG/GSH balance might represent an additional contribution to the post-translational modification of the histone code.

Likewise, the enzymatic activity of HDAC8 strongly depends on its redox state. The cysteines 102 and 153 are targeted by oxidation in the presence of ROS, leading to a switch from a reduced active to an oxidized inactive form of the enzyme \[[@bib230]\]. Moreover, RCS generated by oxidative environment can induce covalent modification of two conserved cysteines in HDAC1, thus dampening histone deacetylase activity and promoting changes in histone H3 and H4 acetylation patterns \[[@bib231]\].

Hence, physiological exposure to exercise-induced ROS can likely results in histone post translational modifications, including acetylation, methylation, and phosphorylation, thus fine-tuning gene expression programs and contributing to skeletal muscle plasticity in health and disease. In response to exercise, it has been observed specific activation of both AMPK and CaMKII, which in turn can induce phosphorylation-dependent nuclear export of class IIa HDAC \[[@bib35],[@bib55]\]. Moreover, CaMKII activation during physical exercise can cause hyperacetylation of histones and increased MEF2 binding to *cis* elements in the promoter of the *Glut4* gene, thus eliciting GLUT4 expression in skeletal muscle and improving glucose transport capacity and insulin sensitivity \[[@bib232]\].

4.3. ROS impact on protein arginine methyltransferase {#sec4.3}
-----------------------------------------------------

The activity of enzymes involved in the formation of asymmetric dimethylarginine (ADMA) precursors is regulated in a redox-sensitive fashion. This modification is catalyzed by the protein arginine methyltransferase (PRMT). The major type of protein arginine (R) methyltransferase (PRMT), type I, transfers the methyl group from S-adenosyl-[l]{.smallcaps}-methionine (AdoMet) to the guanidino group of arginines in protein substrates, resulting in mono-methylarginine and asymmetric dimethylarginine in substrate proteins \[[@bib233]\]. It has been shown that oxidation at two cysteine residues destabilizes homodimerization of PRMT proteins, leading to diminished methyltransferase activity, whereas reduction can reverse the effects of oxidation, with sulfenic acid formation at both cysteine residues \[[@bib234]\].

Arginine residues substrate of PRMTs are present in different kind of proteins, including nucleolar proteins, proteins involved in RNA processing and histones; all of them can be modified by the addition of one or two methyl groups. Mutagenesis studies revealed that homodimerization is essential for AdoMet binding and for arginine methyltransferase enzymatic activity \[[@bib235]\]. In particular, removal of two cysteine residues implicated in PRMT1 dimerization and cofactor binding eliminates the redox-dependent control over PRMT1 methyltransferase activity \[[@bib234]\].

Histone methylation by PRMTs can induce either activation or repression of gene expression. Arsenic exposure of human keratinocytes triggers PRMT1 and PRMT4 transient accumulation into the nucleus, leading to methylation of H4R3 and H3R17 in the ARE enhancer regions of ferritin transcription unit, recognized by Nrf2 \[[@bib236]\]. In this way, ROS induced methylation of histones allow the activation of Nrf2-mediated antioxidant cellular defense program.

Remarkably, PRMT expression and activity do not change in response to acute exercise. However, subcellular fractionation experiments revealed that exercise elicited myonuclear translocation of PRMT1, correlating with increased PRMT1-methyltransferase activity, as indicated by the higher histone methylation levels of skeletal muscle after exercise \[[@bib237]\]. These findings disclose PRMT-mediated histone arginine methylation as an essential player of the signaling driving skeletal muscle plasticity in response to pro-oxidant environment elicited by physical exercise.

4.4. ROS impact on sirtuins {#sec4.4}
---------------------------

The silencer information regulator (Sir) family of proteins is widely involved in metabolic homeostasis and aging \[[@bib238]\]. Sirtuins are NAD-dependent deacetylases that catalyze deacetylation in specific lysine residues of histones and other proteins, including transcription factors and metabolic enzymes, thereby promoting chromatin silencing and transcriptional repression and regulating different biological processes, including cell cycle, differentiation, metabolism, stress resistance, senescence, and aging \[[@bib239]\]. In addition to histone proteins, also other proteins can be deacetylated by sirtuins, with modulation of their activity \[[@bib239]\]. SIRT1, -6, and -7 act directly on the transcription of genes involved in metabolism, whereas SIRT3-5 reside in the mitochondrial matrix and regulate enzymes involved in the tricarboxylic acid and urea cycles, oxidative phosphorylation, as well as ROS production \[[@bib238]\].

The oxidative and metabolic stress induced by physical exercise greatly impacts sirtuins: exercise increases the SIRT3 protein content in skeletal muscle \[[@bib240],[@bib241]\], whereas SIRT3 was shown to be downregulated in immobilized soleus muscle \[[@bib241]\]. Importantly, SIRT3 dynamically responds to exercise modulating muscular energy homeostasis via AMPK and PGC1α \[[@bib240]\].

Oxidative stress can affect sirtuins at different levels, thus causing a dysregulation in the normal Sir function. In particular, oxidative stress can induce or repress the expression of SIRT genes; it can trigger post-translational oxidative modifications of sirtuins, alter the SIRT-interactome and induce changes in intracellular NAD levels. In response to oxidative stress, SIRT1 was redistributed at the chromatin level causing deregulation of transcription \[[@bib242]\]. Moreover, oxidative stress lowers SIRT1 mRNA and protein expression in human fibroblasts. Unlike the enhanced HuR affinity toward numerous target mRNAs in response to other stress agents, oxidant treatment was shown to dissociate HuR from the SIRT1 mRNA \[[@bib243]\]. In particular, under oxidative stress and DNA damage, HuR interacts and is phosphorylated by the checkpoint kinase 2 (CHK2), leading to its dissociation from SIRT1 transcript, thus causing its destabilization \[[@bib243]\]. In line with this observation, SIRT1 expression was decreased in atherosclerotic plaques of vascular smooth muscle cells, showing increased intracellular oxidants \[[@bib244]\].

Notably, mild increase in ROS concentration induces the upregulation of SIRT1 protein, thus affecting SIRT1 targets, including p53 and FOXO3a, which achieve the antioxidant response through the expression of SOD2 and catalase \[[@bib245]\]. In contrast, exposure to high levels of H~2~O~2~ led to sumoylation and proteasomal degradation of SIRT1 protein \[[@bib246]\].

Oxidative stress can also affect sirtuin activity by altering its cellular interactors. The SIRT1 interactor DBC1 (deleted in breast cancer 1) \[[@bib247]\] is phosphorylated by ATM/ATR during oxidative stress; this phosphorylation increases its affinity for SIRT1 and leads to inhibition of SIRT1 activity \[[@bib248]\]. Similarly, obesity and aging impair SIRT1 activity both by promoting SIRT1 binding to DBC1 \[[@bib249]\] and by declining the NAD levels \[[@bib250]\].

Finally, it was recently shown that upon oxidative stress SIRT1 can be inactivated by sequestration into cytoplasmic caveolae, where it binds directly caveolin-1. In particular, caveolin-1-mediated inhibition of SIRT1 is sufficient to promote the acetylation, and activation, of the transcription factor p53, thus causing premature senescence in fibroblasts \[[@bib251]\].

4.5. DNA and redox signaling {#sec4.5}
----------------------------

DNA itself is as a sensor of changes in the redox homeostasis and can be directly modified by ROS. For example, hydroxyl radicals promote the formation of 5-hydroxymethylcytosine (5hmC) from 5-methylcytosine (5mC) \[[@bib252]\], thus causing indirect demethylation at CpG sites. These modifications interfere with the DNMT1 methylation signature \[[@bib253]\]. Superoxide can also induce cytosine methylation by direct transfer of a methyl group from SAM ion \[[@bib254]\]. Interestingly, ROS accumulate at G-rich regions, thus promoting oxidation of transcription factors at specific sites. Guanosine oxidation into 8-oxo-20-deoxyguanosine (8-oxodG) preferentially inhibits the methylation of adjacent cytosines, resulting in the hypomethylation and transcriptional activation \[[@bib255]\]. In general, oxidative modifications of nuclear and mitochondrial DNA correlate with aging and age-associated diseases \[[@bib256],[@bib257]\]. Remarkably, regular exercise can lower the oxidative damage of both nuclear and mitochondrial DNA thus delaying the aging process \[[@bib258], [@bib259], [@bib260]\]. The observed effect was due, at least in part, to the exercise induced activity of the DNA damage repair enzymes 8-oxoguanine-DNA glycosilases (OGG) in the nucleus, and their exercise-training induced import into the mitochondrial matrix to repair oxidized guanosines \[[@bib261]\]. On the contrary, a sedentary lifestyle impairs the transfer of OGG into the mitochondrial matrix \[[@bib144],[@bib261]\]. These findings are in line with the beneficial effects of regular exercise with a moderate production of ROS, resulting in cellular adaptation and competence to face stronger oxidative insults. ROS can also modify histones, causing nitration and oxidation of H1, H2B and H3 \[[@bib262]\]. Oxidation of basic residues, including arginine and lysine, in histone H3, promotes relaxation of chromatin and accumulation of transcription factors, thus activating gene expression programs \[[@bib262]\]. Furthermore, the histone H3 is S-glutathionylated on Cys110 in response to redox changes producing structural transitions that affect nucleosomal occupancy, open the chromatin structure and activate transcription \[[@bib229]\].

4.6. Noncoding RNA and redox signaling {#sec4.6}
--------------------------------------

Both lncRNAs and miRNAs can be regulated by ROS. Emerging evidences suggest a regulatory interplay between miRNAs and redox signaling: in fact, ROS profoundly impacts miRNA transcription, biogenesis and function, whereas miRNAs regulate the expression of redox sensors and components of the antioxidant machinery.

In general, miRNAs are induced by oxidative stress. ROS upregulates miR-146a, miR-181a, miR-30b and miR-874-3p, targeting respectively SOD2, glutathione peroxidase 1 (GPX1), Catalase, and Caspase 8 mRNAs \[[@bib263]\]. Interestingly, miR200c is upregulated upon oxidative stress and targets SIRT1, FOXO1 and the endothelial nitric oxide synthase eNOS \[[@bib264]\]. The upregulation of miR200c upon H~2~O~2~ exposure could explain, at least in part, the downregulation of SIRT1 expression and activity, as well as the hyperacetylation of the promoter of its target genes. However, how redox changes control miRNA expression at the mechanistic level is still largely unexplored.

ROS are involved in several steps of miRNA biogenesis \[[@bib265]\]: they affect miRNA maturation by down-regulating Dicer and modifying the RISC complex \[[@bib266]\]. MiRNA biogenesis is also redox-regulated via changes in the activity of the endonuclease Drosha, mainly through the redox-dependent enzyme glycogen synthase kinase that phosphorylates Drosha, thus promoting its translocation into the nucleus \[[@bib267]\].

MiRNAs themselves can be directly oxidized by ROS, which alters their stability, structure, and ability to bind to target mRNAs. Moreover, miRNAs can be oxidatively modified by ROS. As mentioned above, ROS can hydroxylate guanine to produce 8-oxo-7,8-dihydro-2′-deoxyguanosine (8OHdG) in the DNA and 8-oxo-7,8-dihydroguanosine (8OHG) in the RNA \[[@bib268], [@bib269], [@bib270]\]. The oxidized miRNAs mis-recognize target mRNAs, resulting in down-regulation in their protein synthesis native targets \[[@bib271]\]. Oxidized miR-184 associates to the 3\'untranslated region of Bcl-xL and Bcl-w that are not its native targets, thus causing the subsequent reduction in Bcl-xL and Bcl-w with the consequent apoptosis. Interestingly, not all miRNAs are oxidized in response to ROS, and the selective oxidation of specific miRNAs seems not related to the upregulation of miRNA expression induced by ROS \[[@bib271]\].

As mentioned above, in response to oxidative stress, mammalian cells orchestrate a rapid and tightly regulated signaling response that results in the transcriptional induction of protein-coding genes, mostly involved in the regulation of the cellular redox-state \[[@bib272]\], but it also involves transcriptional modulation of noncoding genes \[[@bib273]\]. High throughput RNA sequencing revealed that thousands of lncRNA transcripts are transiently induced by oxidative exposure \[[@bib273]\]. In particular, the sharp pausing of the RNA polymerase II at distinct promoters after oxidative exposure leads to a rapid and global induction of bidirectional transcription. This phenomenon can cause post-transcriptional processing defects leading to the downregulation of the mRNA levels of the host genes. Notably, these promoters associated noncoding transcripts (pancRNAs) are often capped and polyadenylated, and they can translocate from the nucleus to the cytoplasm to associate with polysomal fractions and inhibit translation \[[@bib273]\]. However, the functional significance of these stress-induced lncRNAs needs to be further elucidated. Very little is known about the regulation of lncRNAs in response to physical exercise. It was recently reported that exercise can downregulate the lncRNA *MALAT1*, thus ameliorating the insulin resistance in type 2 diabetes mellitus by elevating miR-382-3p and reducing resistin, a protein hormone released by adipocytes, which contributes to insulin resistance phenotype \[[@bib274]\]. *MALAT1* acts as a competing endogenous RNA by sequestering miR-382-3p. Hence, the exercise-induced *MALAT1* downregulation allows miR-382-3p to target resistin mRNA thus counteracting insulin resistance \[[@bib274]\].

Collectively, these findings highlight miRNAs and lncRNAs as key molecules in the adaptive response of cellular systems to physical activity. MicroRNA levels can change depending on the training status and/or exercise protocol. Moreover, the differential expression of miRNAs is instrumental to achieve recovery and adaptation strategies to counteract exercise-induced ROS.

5. Conclusion and future perspectives {#sec5}
=====================================

Growing body of evidence indicates ROS and oxidative stress as novel players in shaping the epigenetic landscape of the entire genome. Although we are only beginning to decipher the high complexity of this regulation, it seems clear that mitochondrial metabolism, various enzymes and signaling molecules, as well as antioxidant systems contribute to ROS balance in response to environmental stimuli. ROS, in turn, can impact the epigenetic landscape by modulating DNA and histone modifications, ncRNA transcripts and chromatin remodeling with important modification in the expression of genes related either to physiological or pathological adaptation. Indeed, increasing amount of data highlights the link between epigenetic regulation and oxidative stress-related pathways in aging, cancer and other pathologies, such as cardiovascular, neurological and metabolic diseases.

Physically active lifestyle and regular exercise contribute to improve health and prevent diseases, inducing both tissue specific and systemic adaption. Exercise has proven to be a potent environmental stimulus to induce epigenetic regulation of key regulatory, metabolic and myogenic genes, as well as genes that counteract in several points of disease. Although results on the direct connection between the modulation of redox homeostasis by exercise and epigenetic regulation are still very limited, the evidence that ROS and RNS produced under voluntary exercise represent important regulatory mediators in signaling processes suggests that exercise-induced ROS production is likely to be an important player in epigenetic events. Our current model for the role of exercise-induced ROS in the modification of the epigenome is shown in the graphical abstract, where exercise, by epigenetic modification of ROS producers, sensing and neutralization, can regulate ROS concentration. In turn, ROS can induce modifications in the epigenetic machinery, i.e. oxidative modification of DNA sequences, DNMTs, HDACs, ncRNAs, contributing to adaptation in the resulting phenotype. Of course, it should be considered that epigenetics represents a mechanism for cellular signal integration, thus the ideal models to study the causal link between exercise-induced ROS and epigenetic modifications are difficult to establish due to the extremely broad and interconnected nature of epigenetic control, as well as of redox homeostasis components. This represents indeed an area for future research, together with investigation of the metabolic changes and signaling events during exercise that may influence such interactions. As for most of the research questions in the field of exercise redox biology, the lack of precision tools to study the events that connect ROS production and redox signaling in the cell, especially in *"in vivo"* models, remains a major barrier also for advancement in understanding the role of ROS in exercise epigenomics. Moreover, further improvements in redox proteomics or in the detection of oxidative modifications to RNA promise to increase our knowledge on the exercise-induced post-translational, oxidative modification of relevant epigenetic components. Indeed, the main challenge for the future research is to move from a rather descriptive level of collected data to the mechanistic analysis of the causal involvement of exercise-induced redox modification in the epigenetic control of metabolic and physiological adaptations. The recent development of whole-genome epigenetic sequencing and new high-throughput technology, combined with new analytic methods in redox biology, promises to evaluate the global changes in epigenetic marks in relation to measurable changes in redox metabolism. Future studies should include well-defined exercise protocols in human subjects and animal models where key tissues (i.e., blood, skeletal muscle, adipose tissue) are broadly analyzed at multiple time points during both the exercise and recovery time, also matching the biochemical and molecular modifications with the functional physiological adjustment and/or adaptations.
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